INTRODUCTION
Clearance of cells undergoing programmed cell death is important during development of multicellular organisms, and failure to remove dying cells is implicated in developmental abnormalities 1 and autoimmune disease 2 .
Studies of the nematode C. elegans uncovered genes required for engulfment and degradation of cells dying by apoptosis [3] [4] [5] [6] [7] [8] . Homologous genes regulate apoptotic cell clearance in Drosophila and vertebrates, as do a number of species-specific genes [9] [10] [11] .
While caspase-dependent apoptosis is a common cell death mode, recent studies demonstrate that caspaseindependent non-apoptotic cell death processes are equally relevant in development 12 and in disease 13 LCD (linker cell-type death) is a non-apoptotic developmental cell-death process that is morphologically conserved from C. elegans to mammals 12 . This cell death process is characterized by nuclear envelope crenellation, lack of chromatin condensation, and swelling of cytoplasmic organelles. These hallmarks of LCD are prevalent in vertebrate developmental settings, including degeneration of the Wolffian and Müllerian ducts during female and male gonadal development, respectively [14] [15] [16] , and motor neuron elimination during spinal cord formation 17 . LCD morphology is also characteristic of dying cells in several disease states, including striatal neuron death in Huntington's disease 18 .
During C. elegans development, the male-specific linker cell leads the elongation of the developing gonad, and eventually dies by LCD 19 . Linker cell death is independent of caspases and all known apoptosis, necrosis, and autophagy genes. A network of proteins governing linker cell death has been uncovered, converging on the stress-induced transcription factor HSF-1, acting in a stress-independent manner to promote expression of LET-70/UBE2D2, an E2 ubiquitin ligase.
LET-70/UBE2D2, together with other components of the ubiquitin proteasome system, then drive LCD and linker cell clearance [20] [21] [22] . Following LCD initiation, the linker cell is engulfed 23 . The linker cell, therefore, is a particularly attractive in vivo model for investigating the clearance of a cell that normally dies non-apoptotically: the time of Our work establishes a powerful in vivo model to study phagocytosis of cells that die non-apoptotically in development, and suggests that different phagocytic pathways can target cells that die by different means.
RESULTS

The Dying Linker Cell is Simultaneously Engulfed by
Two Neighboring Cells
Linker cell death and clearance occurs during the transition from the fourth larval stage to the adult, and Kutscher et al. can take up to 8 hours to complete 19, 24 . To examine this process at high spatiotemporal resolution, we used a long-term imaging microfluidic device we previously developed 24 to simultaneously image the linker cell (mig-24p::Venus) and the engulfing cells (lin-48p::mKate2) in live animals ( Figure 1A-B ). Animals were loaded into the device, and z-stacks were acquired every 8 min for > 20h ( Figure 1A ). Animal development and linker cell death kinetics were not affected by either imaging or fluorescent reporter identity ( Figure 1B , Table S1 , top, see also 24 . The timings of characteristic events accompanying linker cell degradation were noted, with time zero corresponding to the time of first contact between the linker cell and the U.lp or U.rp engulfing cells ( Figure 1C , Movie S1), and are consistent with previous reports 19, 24 .
We found that after first contact, the linker cell migrates so that it becomes sandwiched between the U.lp and U.rp cells ( Figure 1D ), whose cell nuclei are displaced anterior to the linker cell. Linker cell nuclear crenellation also becomes apparent at this time ( Figure   1E these settings was not examined. To look at this in detail, we followed linker cell engulfment in animals lacking components of each or both parallel pathways that together drive apoptotic cell engulfment. Animals were scored 24h after the L4-to-adult transition, when the majority of animals have cleared the linker cell corpse 24 . We found that linker cell engulfment is only weakly perturbed by mutations in some known engulfment genes (Table S2 ). Furthermore, double mutants between engulfment genes in different pathways do not strongly affect linker cell clearance.
Consistent with this observation, when we expressed MFG-E8-GFP, a phosphatidylserine binding protein 26, 27 , in U cell descendants, we did not observe fluorescence accumulation around the linker cell (5 lines, >100 animals scored in total).
Nonetheless, we did find that mutations in the phagosome maturation gene sand-1 significantly inhibit clearance of linker cell debris (Table S2) .
Thus, while genes promoting cell corpse degradation following engulfment are shared between linker cell death and apoptosis, upstream genes required for phagocytosis and the initiation of degradation are different. Linker-cell-specific engulfment genes remain, therefore, to be discovered.
RME-4/DENND1 Promotes Linker Cell Engulfment and Degradation
To identify components of the linker cell engulfment machinery, we sought mutants in which linker cell engulfment and/or degradation is defective. To do so, we mutagenized hermaphrodites carrying a lag-2p::GFP linker cell reporter and a him-5 mutation, which increases the proportion of male progeny ( Figure S2A ). After two generations, males were screened for linker cell persistence. We previously showed that animals defective in linker cell death exhibit gonadal blockage, and can be sterile 19 . We therefore directly collected sperm from mutant males by impaling a needle into the gonad, and used this sperm to artificially inseminate wild-type hermaphrodites 28 ( Figure S2B -D, see Methods for details). Cross progeny were then used to establish mutant lines.
From this screen, we identified 50 mutant strains with defects in linker cell death and degradation. One mutant, ns410, exhibits persistent refractile linker cell corpses, and was further studied (Figure 2A,B ). Using standard genetic mapping, coupled with whole genome sequencing, we identified a mutation predicted to generate a G100E alteration in the DENN domain protein RME-4, homologous to vertebrate DENND1 29 ( Figure S3A ).
Linker cell degradation is restored to ns410 mutants by expressing a fosmid spanning the genomic region of rme-4 ( Figure 2B ). Furthermore, two other rme-4 alleles, ns412 (S217N; isolated in our screen) and b1001 (G257D;
a previously characterized loss-of-function lesion 29 ) also promote linker cell degradation defects, as does the rme-4(tm1865) deletion allele ( Figure S3B ). rme-4(tm1865) mutants exhibit a weaker linker cell survival defect, perhaps because the truncated RME-4 protein produced in this mutant is present at half wild-type levels 29 . RNAi against rme-4 exacerbates the defect of animals carrying this allele ( Figure S3B ). Taken together, these results demonstrate that the rme-4 gene is required for linker cell corpse degradation. RME-4 is widely expressed and found in the linker cell and in its engulfing cells ( Figure S3C ). To determine where RME-4 functions, we expressed cDNAs for either the rme-4A or rme-4B transcript ( Figure S3A ) in either the linker cell or the engulfing cells. We found that the longer A isoform restores linker cell degradation when expressed in U cell descendants, but not when expressed in the linker cell ( Figure 2B ). B isoform expression in the engulfing cells has no effect ( Figure S3B ). Thus, RME-4A is the active isoform driving linker cell engulfment, and it does so by acting in the engulfing cells.
RAB-35 GTPase Is a Key Linker Cell Degradation
Regulator Controlled by RME-4/DENND1 and
TBC-10/TBC1D10A
The RME-4 DENN domain was previously proposed to drive the guanine nucleotide exchange reaction (GEF function) of the small GTPase RAB-35 29, 30 . The ns410, ns412, and b1001 rme-4 alleles are predicted to cause single amino-acid changes within this domain, suggesting that RME-4 could function as GEF during linker cell degradation. To test this directly, we examined two rab-35 mutants, tm2058 and b1013, that carry a small deletion surrounding the start codon, and an early Q69Ochre stop mutation, respectively ( Figure S3D ).
We found that both lesions inhibit linker cell corpse degradation, and persistent corpses resemble those seen in rme-4 mutants ( Figure 2C is a key regulator of linker cell degradation, and that its activity is controlled by RME-4/GEF and TBC-10/GAP. 
RAB-35 Promotes Timely Onset of Linker Cell
Engulfment and Is Required For Subsequent Phagosome Maturation
To define more specifically the defects associated with loss of RAB-35, we imaged rab-35(b1013) mutants using the microfluidic setup, and quantified hallmark linker cell death and degradation events over > 24h (Movie S2; Table S1 ).
We found no significant differences compared to wild-type animals in the onset or duration of developmental milestones Our studies, therefore, support the idea that RAB-35 acts early in phagosome maturation, and is required for recruiting RAB-5 and RAB-7 for proper degradation to ensue.
The Small GTPase ARF-6 Blocks Linker Cell Clearance
To delineate the molecular mechanism by which RAB-35 controls linker cell engulfment onset and degradation, we pursued studies of another mutant, ns388, isolated in our genetic screen. Animals carrying this lesion have similar linker cell defects to rab-35 mutants ( Figure 4A,B ), but do not harbor mutations in rab-35, tbc-10, or rme-4.
Using whole genome sequencing and standard genetic mapping, we found that ns388 animals contain a point mutation predicted to cause a D92N mutation in the small GTPase ARF-6 ( Figure S6A ). Importantly, and unlike rab-35 mutations, a single arf-6(ns388) allele is sufficient to block linker cell degradation. Thus, arf-6(ns388) is a dominant allele ( Figure 4A ). The arf-6(tm1447) putative null allele, which lacks most of the coding region, and has no ARF-6 expression by Western blot 32 , exhibits normal linker cell clearance ( Figure 4A ), suggesting that arf-6(ns388) is a gain-of-function and not a dominant-negative allele. To confirm that arf-6 is indeed the relevant gene, we generated two independent CRISPR alleles, ns751 and ns752, recreating the arf-6(ns388) lesion. Both promote linker cell defects similar to those of arf-6(ns388) mutants ( Figure   S6B ). Furthermore, while arf-6 is widely expressed ( Figure  S6C-D) , expression of an arf-6(ns388) cDNA in engulfing cells blocks linker cell clearance ( Figure 4A ). Wild-type arf-6 expression in engulfing cells does not affect linker cell death, nor does expression of either arf-6(ns388) or arf-6(+) cDNAs in the linker cell ( Figure 4A ).
Our results, therefore demonstrate that gain of ARF-6 function blocks linker cell clearance, and suggest that ARF-6 normally functions as a linker cell clearance inhibitor.
ARF-6(gf) Promotes Premature Competitive
Phagocytosis Onset and Delays Linker Cell Degradation
To understand how ARF-6(gf) interferes with linker cell clearance, we imaged arf-6(ns388) animals in the microfluidic device and followed hallmark linker cell death and degradation events (Movie S3; Table S1 ). Except for a slight advance in cuticle shedding, no defects in animal development or linker cell killing are seen in arf-6(ns388) mutants ( Figure S4 ). However, as with rab-35 mutants, premature onset of competitive phagocytosis is observed ( Figure 4C,D) , formation of a refractile linker cell corpse is delayed ( Figure 4E ), and the period of linker cell refractility is prolonged ( Figure 4F ). Degradation of the large linker cell fragment is greatly delayed, if it occurs at all ( Figure 4G ). The similar defects exhibited by arf-6(ns388) and rab-35 mutants suggests that the proteins encoded by these genes may localize in a similar manner. To test this idea, we expressed ARF-6-YFP in the U.l/rp cells and followed its localization changes during linker cell death and degradation ( Figure 4H-M) . ARF-6-YFP localizes to U.l/rp pseudopods ( Figure 4H ; Table S1 ), remains enriched on the phagosome membrane after cell splitting ( Figure 4I ), and then rapidly translocates to intracellular puncta ( Figure   4J ). Importantly, enrichment of mCherry-RAB-5 around the phagosome occurs after ARF-6-YFP removal ( Figure 4K -M, 5/6 animals). As with RAB-7, we also observed RAB-5 accumulation in the phagosome interior ( Figure 4N 
ARF-6 Function Is Regulated by CNT-1/ACAP2 and
EFA-6/EFA6
To understand the dominant nature of the ARF-6(D92N) lesion, we attempted to assess the consequences of locking ARF-6 protein in the GTP or GDP bound states 33 . We used CRISPR to generate arf-6 mutants encoding T44N and Q67L mutations ( Figure S6A ), predicted to accumulate ARF-6[GDP] or ARF-6[GTP] proteins, respectively.
Neither mutant, however, has linker cell defects, perhaps because they destabilize the protein. Consistent with this interpretation, the arf-6(Q67L) allele behaves as a null in genetic assays (see below). We did however, serendipitously isolate from our CRISPR mutagenesis an arf-6(I42M,P43T)
double mutant with linker cell clearance defects. Based on an Arf6:Arf6GAP co-crystal protein structure 34 , these lesions may interfere with GAP binding to ARF-6, and subsequent GTP hydrolysis. D92 of Arf6 forms intramolecular hydrogen bonds with R95 ( Figure 5A ). In the D92N mutant, these hydrogen bonds are lost ( Figure 5B ), which may result in loss of stability of adjacent interactions. Both P43 and I42 of Arf6 form hydrophobic interactions with W451 and I462 on the ArfGAP ( Figure 5C ). These interactions are lost in the P43T;I42M mutations ( Figure 5D ). Therefore, ARF-6[GTP] appears to inhibit phagosome maturation during linker cell clearance, and the mutants we isolated may hinder GAP binding.
To test this idea further, we reasoned that mutations in a relevant ARF-6 GAP would exhibit linker cell clearance defects, as they would lock ARF-6 in the GTP-bound state.
From a screen of candidate mutations ( Figure 5E ; Table   S3 ), we found that two independent putative null alleles of cnt-1, encoding a ubiquitously-expressed protein similar to vertebrate Acap2, block linker cell clearance ( Figures 5E;   S6E ,F). Expression of the CNT-1A isoform in U.l/rp cells, but not the linker cell, fully rescues linker cell defects of cnt-1 mutants ( Figure 5F) ; whereas CNT-1B expression gives partial rescue ( Figure S6G ). Rescue is abolished by mutating the catalytic arginine of CNT-1A ( Figure 5F ). Importantly, ARF-6 is required for the linker cell defects of cnt-1 mutants, as an arf-6(tm1447) loss-of-function mutation restores linker cell clearance to cnt-1 mutants ( Figure 5E ). Consistent with the idea that the D92N and I42M;P43T mutations disrupt GAP binding, we found that while wild-type ARF-6 interacts with CNT-1A (but not CNT-1B) in a yeast two-hybrid assay;
both ARF-6(D92N) and ARF-6(I42M;P43T) fail to interact with CNT-1A ( Figure 5G) . Figure S6I ), expression of EFA-6 isoforms in the U.l/rp cells partially restores linker cell clearance defects to efa-6(ok3533); arf-6(ns388) double mutants ( Figure S6H ).
Furthermore, EFA-6 isoforms interact with ARF-6[GDP] in a yeast two-hybrid assay ( Figure 5I ).
Taken together, our results suggest that ARF-6 inhibits linker cell phagocytosis onset, and blocks linker cell degradation together with its regulators EFA-6/GEF and CNT-1A/GAP.
RAB-35 Binds CNT-1A and Drives ARF-6 Removal
From Phagosome Membranes rab-35(0) and arf-6(gf) mutants exhibit similar linker cell clearance defects. We wondered, therefore, whether RAB-35 and ARF-6 proteins act in the same pathway.
We found that putative null mutations in arf-6 or efa-6
almost fully restore linker cell clearance to rab-35 mutants ( Figure 6A cell pseudopods ( Figure 6B ). RAB-35 then accumulates on the phagosome membrane, while ARF-6 enrichment fades ( Figure 6C -E, 8/9 animals). Next, we examined ARF-6-YFP dynamics in rab-35(b1013) animals ( Figure 6F-I) .
Remarkably, we found that ARF-6-YFP remains on the membrane longer than in wild type animals ( Figure 6G,H In arf-6(ns388) mutants, 0.47 ± 0.60 corpses were observed We also examined whether rab-35 mutations exhibit genetic interactions with canonical apoptosis engulfment genes in linker cell death, but found no such interactions (Table S4 ).
Our results, therefore, demonstrate that the RAB-35/ARF-6 module plays specific roles in dismantling the linker cell that are not shared with clearance of apoptotic cells in C.
elegans.
Discussion
A New Engulfment and Degradation Pathway for Non-
Apoptotic Dying Cells
Caspase-dependent apoptosis does not account for many cell death events that occur during animal development. Indeed, mice homozygous for knockout alleles of key apoptotic genes, including caspase-3, caspase-9, Apaf-1, or Bax and Bak, can survive to adulthood 37-39 , a surprising observation given the prevalence of cell death in murine development.
Inactivation of apoptosis genes also only weakly interferes
with degenerative disease progression 40 . LCD, a nonapoptotic cell death process, is prevalent in vertebrates 12 and may account for a significant fraction of cell deaths that take place during development and in disease.
In this study, we demonstrate that the clearance machinery promoting the removal of the linker cell, which dies by LCD, differs from that used to clear apoptotic cells in C. elegans. Our studies uncover a protein network promoting linker cell engulfment and degradation ( Figure 7A ). We find [42] [43] [44] [45] [46] . In some of these cases, interactions between RAB-35 and putative ARF-6 GAPs are seen 47 .
New Ways to Generate ARF[GTP] Mimics
Our genetic analysis of linker cell engulfment yielded important reagents, likely to be of utility in studying ARF-family proteins. We found that a Q67L mutation in ARF-6, which is predicted to mimic the GTP-bound state of the protein, behaves instead as a functional null in our assay. This modification, effective in the context of other GTPases, may, therefore, result in protein instability, or loss of active conformation. However, we found that the ARF-6(D92N) mutant protein, or a protein carrying two lesions, ARF-6(I42M,P43T), appear to mimic ARF-6[GTP], and if anything, enhance protein stability. Based on the published structure of Arf6 binding to the ArfGAP ASAP3 34 , the D92N mutation is adjacent to a residue that coordinates to a key valine in the ArfGAP, whereas the I42M,P43T double mutations modify residues that directly coordinate to known GAP catalysis residues 34 . We propose that these lesions could keep the protein locked in the GTP-bound state, because they prevent GAP protein binding. This interpretation is bolstered by our protein interaction studies. We propose that introducing similar lesions into other ARF proteins, and perhaps into other GTPases, could allow for the development of new GTP-bound mimetics of these proteins.
Competitive Phagocytosis
In addition to unique molecular components, we found that the In summary, we demonstrate that engulfment and degradation of a cell that dies by LCD requires mechanics and machinery different from that used for apoptotic cell engulfment and degradation, and identify a molecular pathway governing this novel form of cell clearance. Given the conservation of LCD, we propose that this ancillary process may be conserved as well.
Author Contributions
Conceptualization Figure 2B . ΔG2 = deletion of glycine2, necessary for myristoylation. #, (A) significantly different from single mutants, (C) significantly different from both rab-35(b1013); arf-6(tm1447) and rab-35(b1013), or (E) significantly different from both arf-6(tm1447) and arf-6(ns388). ^, only 2/4 lines showed significant rescue.
Supplementary Movie Legends
Movie S1. Wild type linker cell death and degradation, Related to Figure 1 . Strain contains a linker cell reporter pseudocolored green (mig-24p::Venus), a U.l/rp cell reporter pseudocolored magenta (lin-48p::mKate2), and him-5(e1490). Time, hours:minutes after first contact. Same animal as Figure 1 . rab-35(b1013) linker cell degradation is delayed, Related to Figure 2 . Strain contains a linker cell reporter pseudocolored green (mig-24p::Venus), a U.l/rp cell reporter pseudocolored magenta (lin-48p::mKate2), and him-5(e1490). Time, hours:minutes after first contact. Same animal as in Figure 2G , K.
Movie S3. arf-6(ns388) linker cell degradation is delayed, Related to Figure 4 . Strain contains a linker cell reporter pseudocolored green (mig-24p::Venus), a U.l/rp cell reporter pseudocolored magenta (lin-48p::mKate2), and him-5(e1490). Time, hours:minutes after first contact. Animal same as in Figure 4C . Table S2 . Canonical apoptotic engulfment genes play a minor role in linker cell corpse removal (mean +/-SE of proportion). Related to Figure 1 . Materials and Methods sgRNA sequences were added for each individual CRISPR attempt (D92N: 5' CTAAAAACCTGTCTCTATCAG 3'; T44N: 5' TCAGTGACCACAATGACGA 3'; Q67L 5' CTTCAGGACGTCGGCGGAC 3') to generate arf-6 targeting vectors. A dpy-10 sgRNA-pDD162-based vector was also generated (5' GCTACCATAGGCACCACGAG 3'). Single-stranded repair oligos were PAGE purified and ordered from Sigma (D92N: 5' aggaaaaaaaccaatttttccgcatttttcgccta aaaacCTGTCTCTATtAGCaGCGTCCATCACAAAAAT GAGCGCCTGAGTTCCTGTGTAATAATGTC 3'; T44N: 5' agCAATTCTGTACAAACTGAAGCTCGGGCAAT CAGTGACCACAATTCCGAacGTGGGCTTCAATGTG GAGACTGTCACGTATAAAAATATCAAATTCAACGT 3'; Q67L 5' ggcctaaaaacccccaaaaaccccaatttttcttcagGAC GTCGGCGGACttGACAAAATTCGACCCCTCTG GCGACATTATTACACAGGAACTCAGGCGCT 3', dpy-10(cn64): 5' CACTTGAACTTCAATACGGCAA GATGAGAATGACTGGAAACCGTACCGCATGCGGT GCCTATGGTAGCGGAGCTTCACATGGCTTCAGAC CAACAGCCTAT 3' 60 . N2 animals were injected with the following mix: 50 ng/μl dpy-10 sgRNA, 50 ng/μl arf-6 targeting vector, 20 ng/μl dpy-10(cn64) repair oligo, 20 ng/μl arf-6 repair oligo in 1x injection buffer (20mM potassium phosphate, 3mM potassium citrate, 2% PEG, pH 7.5). F1 animals with Dpy or Rol phenotypes were picked to individual plates, indicating a CRISPR-based editing event had occurred. F1 animals were allowed to lay eggs, and then genotyped for successful co-conversion of the arf-6 locus using PCR and restriction enzyme screening or Cel1 digestion of heteroduplex DNA 61 . Non-Rol, non-Dpy F2 animals were then singled and homozygosed for the arf-6 mutation.
Germline transformation and rescue experiments
Plasmid mixes containing the plasmid of interest, coinjection markers, and pBluescript were injected into both gonads of young adult hermaphrodites 62 . Injected animals were singled onto NGM plates and allowed to grow for two generations. Transformed animals based on co-injection markers were picked onto single plates, and screened for stable inheritance of the extrachromosomal array. Only lines from different P0 injected hermaphrodites were considered independent. For cell-specific rescue experiments, animals expressing mCherry in either the linker cell or the U.l/rp cells were picked to a new plate at the early L4 stage, before linker cell death, to avoid bias. Isolated animals were then staged based on tail morphology under a white light microscope for appropriate linker cell scoring. Transgenes used are listed in the following table.
Supplemental information for Kutscher et al. Kit (Dualsystem Biotech). Bait cDNA was cloned into the pLexA plasmid and prey cDNA was cloned into pGAD vectors. These plasmids were cotransformed into NMY51 yeast strain using the lithium acetate method described in the DualHybrid manual. Selection was performed on SD plates lacking the amino acids leucine, tryptophan, and histidine.
Apoptotic corpse assay
We counted the number of apoptotic corpses in 3-fold embryos mounted on agar pads and examined at 63x using DIC (Nomarski optics). These corpses could be distinguished by their high refractility.
Quantification and Statistical Analysis
Statistical analysis was performed using GraphPad Prism. Statistical parameters including mean ± standard error of the proportion, mean ± SEM, and N are reported in the main text, figures and figure legends. Data is judged to be statistically significant when p < 0.05 by Fisher's exact test, χ2 test, or student's T test, where appropriate.
Data Analysis
When comparing a transgenic line to the parental strain, a minimum of three independent lines was scored. Approximately 100 animals from each of these lines were examined for linker cell defects, and compared to the parental strain using a Fisher's exact test to determine significance. For ease of presentation, we pooled the lines from a given experiment and displayed them on the relevant figure using mean ± SEM (N = 3, 4, or 5 lines). If only a subset of the three lines showed significance using a Fisher's exact test, we indicated this on the figure and figure legend.
